. Secondary electron image of grain boundary spinel precipitates causing an uneven tin coating.
Introduction
Tinplate is considered to be a sophisticated and highly finished product made by the steel industry and a large number of special operations are necessary to convert the raw hot rolled strip into finished tinplate. The hot rolled strip is pickled, cold rolled, cleaned and then, for the softer tempers, is usually batch annealed prior to tinplating. The batch annealing process however can adversely alter the surface chemistry of the steel causing defects in the finished tinplated product. Batch annealing involves stacking tightly wound coils and heating them in a protective gas environment. This process recrystallises the cold rolled structure producing a softened sheet with high formability. Figure 1 shows tightly wound feed coils being batch annealed.
Surface graphitization is a phenomenon that may occur during the batch annealing of steels. It occurs when the steel is decarburized. Carbon monoxide gas is formed and trapped between coil wraps. If the coils are wrapped tightly the carbon monoxide gas can not dissipate and builds up to a critical level. The carbon monoxide gas reacts to form carbon dioxide gas and graphite. This graphite formation causes a surface defect when the steel is tinplated.
1) The small addition of chromium (0.04 wt%) to the steels is effective in minimising the formation of surface graphite.
2)
The addition of chromium to batch annealed steels may lead to a so called 'edge defect', which is characterised as a region of low reflectivity near the edge of the tin plated strip product. This region usually occurs as a band 20-50 mm in width, at 20-100 mm from the strip edge. The defect is often symmetrical, observed on both edges of the strip and is typically present in the first and last 1 000-3 000 m in a coil. The band can however exhibit a wavy pattern. An investigation into this defect found the cause of this region of low reflectivity was the formation of surface chromium and manganese spinel oxides (MnCr 2 O 4 ) along grain boundaries. 3, 4) These oxides interrupt the tin coating applied to the steel surface when they are larger than a critical size, approximately 250 nm in width. 5) This results in a porous tin coating with a dull appearance ( 
Surface Oxidation of Low Carbon Steel Strip during Batch Annealing
Paton R. WILSON, 1) Zhixn CHEN, 1) Chris R. KILLMORE, 2) Stuart J. LAIRD 2) and Jim G. WILLIAMS 2) 1) School of Mechanical, Materials and Mechatronic Engineering, Faculty of Engineering, University of Wollongong, Northfields Ave, Wollongong, NSW, 2522, Australia.
2) Bluescope Steel, Port Kembla, NSW, Australia.
(Received on May 1, 2006 ; accepted on September 15, 2006 ) Selective oxidation of low carbon strip steels industrially batch annealed in 4 % hydrogen 96 % nitrogen atmosphere was studied using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). It was found that the selective oxidation was not uniform across the width of the steel strip. The non-uniformity of the selective oxidation across the strip width produced the localised formation of (MnFe)O and MnCr 2 O 4 particles along the ferrite grain boundaries, mainly in the vicinity of the strip edge region. The distribution of the MnCr 2 O 4 particle sizes within this region can explain the generation of a defect on the final tinplate product, which manifests as a localised band of low reflectivity after tinplating of batch annealed strip, 'edge defect' that can be produced on batch annealed tinplate. The propensity for nitrogen absorption was also found to vary significantly across the strip width and was limited in the region where selective oxidation occurred. This non-uniformity in selective oxidation and nitrogen absorption is probably due to the changes in the dewpoint or oxygen potential of the annealing gas across the width of the strip. aesthetical values of the finished tin plate product affected but the corrosion resistance in the affected areas is also reduced. This 'edge defect' is the result of selective oxidation of alloying elements such as chromium and manganese during batch annealing of steels in conditions that are reducing for iron. Selective oxidation can be internal or external. Internal oxidation occurs when oxygen dissolves at the surface and diffuses into an alloy containing previously precipitated oxides particles. The nucleation of oxides occurs at a reaction front parallel to the specimen surface. This is governed by the inward oxygen diffusion and outward diffusion on the solute. 6) This causes precipitation of oxides below the alloy surface. External oxidation occurs when the outward diffusion of the alloying element is large enough to form a continuos oxide layer and stop inward oxygen diffusion and hence prevent internal oxidation. 6) Wagner 7) suggested that there is a critical molar fraction of an alloying element in the binary alloy annealed in an atmosphere of a constant partial pressure. Below this critical molar fraction the selective oxidation will be internal and above it the selective oxidation will be external. Wagner's work was based on an ideal single crystal and as such the presence of lattice defects such as grain boundaries were not taken into account. However, when polycrystalline materials are selectively oxidised grain boundaries can act as fast diffusion paths. 8) Therefore oxide precipitates are commonly observed at the intersections between the grain boundaries at the free surface when low alloy steel is annealed. 9, 10) The general equation put forward by Lochner 11) for selective oxidation in a protective environment is shown in Eq. (1), where Me is a metal element. This equation shows that the formation of metal oxides in annealing atmospheres is a function of the H 2 /H 2 O ratio. This ratio is related to the dewpoint of the annealing gas. A high H 2 /H 2 O ratio corresponds to a low dewpoint. Annealing in protective atmospheres with very low dew points stops or reduces the degree of selective oxidation that occurs in steels. Clearly the dewpoint of the annealing environment is important to maintain a homogeneous steel surface after annealing. Manganese oxide is widely reported to form on the surface of low carbon steels during annealing in environments reducing for iron. 10, 12) MnCr 2 O 4 spinel is another oxide which was observed on the surface of low carbon steels during annealing in environments reducing for iron.
3) A similar spinel (Fe, Mn)Cr 2 O 4 was observed by Servais et al. 13) on the surface of low carbon steels after industrial batch annealing at 710°C for 28 h in a 5.75 % H 2 and N 2 gas environment with a dew point between Ϫ35°C and Ϫ40°C in a bell furnace. MnCr 2 O 4 spinel was more commonly observed in Cr 2 O 3 scales when stainless steels containing manganese were annealed in oxidative environments. 14, 15) Recently it was found that both the (MnFe)O and the MnCr 2 O 4 spinel particles formed on the surface of batch annealed low carbon steels. 16) Although the (MnFe)O particles were found to be much coarser than the MnCr 2 O 4 particles, the (MnFe)O particles were removed during the pickling operation prior to tinning, hence they did not contribute to the formation of the edge defect. 16) Thus the formation and growth of MnCr 2 O 4 particles are the main concern. The growth of the MnCr 2 O 4 spinel particles was found to be dependent on the content of chromium but independent of the manganese content in the steels. 16) Due to the low oxygen potential in the annealing environment the growth of the MnCr 2 O 4 spinel particles will also be dependant on the supply of oxygen to the steel surface.
The oxygen potential across the width of the strip in a tightly wound coil is very difficult to measure directly but can be assessed indirectly by measuring the increase in the nitrogen content of the steel which is also known as nitrogen pickup. Nitrogen pickup occurs during the batch annealing of aluminium killed low carbon steel strips. It is due to nitrogen gas adsorption at the steel surface followed by absorption and diffusion into the steel. 17) Thus nitrogen pickup is a result of a surface reaction that will compete with the oxidation reaction. Nishikida et al. 18) reported that the amount of nitrogen pickup decreases as the dewpoint of the annealing gas increases.
The nitrogen pickup seems to be symmetrical across the width of the strip with the edge having the lowest nitrogen pickup. 19) As mentioned earlier the 'edge defect' caused by selective oxidation is also symmetrical across the strip. As the dewpoint is directly related to the oxidation potential of the annealing gas, an indication of the relative oxidation potential change across the width of steel strip may be derived from the nitrogen pickup across the width of the steel strip. In this investigation the variation in the size of the surface oxide particles and the nitrogen content across the width of batch annealed coils were measured in order to establish the relationship between the surface oxide particle size, including (MnFe)O and MnCr 2 O 4 spinel, and the local dewpoint at the steel surface.
Experimental
The hot rolled strip was pickled, cold rolled and then cleaned prior to batch annealing. The coils weigh between 10-20 tones. The steel thickness is approximately 0.3 mm, width 700-1 020 mm and length approximately 11 000 m. The thickness varies by about 0.004 mm from the centre to the edge of the strip with the centre the thickest. The samples were taken from the coils (blackplate) prior to any subsequent processing, hence represent the as batch annealed condition. Samples were obtained from successive wraps from the outside of the coil, including the very outside wrap and up to seven wraps into the coil. This sampling procedure enabled samples to be taken that were fully exposed to the annealing atmosphere, as well as sufficiently into the coil to establish typical inter-wrap conditions, while minimising the temperature differential due to the very small radical distance between samples. Samples from the seventh wrap were mainly studied in this investigation. The compositions of the steels used in this investigation are shown in Table 1 . The as received steel samples are identified by their wrap counted from the outside wrap of the coil and by their distance (in mm) from the strip edge. A further coil in the tinned condition that exhibited the 'edge defect' was sampled to confirm the observations made on the blackplate samples. Details of the batch annealed coils used in this investigation are given in Table 2 .
Annealing
In the batch annealing process, coils were stacked and annealed in large furnaces in 4 % hydrogenϩ96 % nitrogen atmosphere (Fig. 1) . The dewpoint of the supplied annealing gas was approximately Ϫ40°C. The furnace holds 4 stacks, each stack containing 4 to 5 coils. A steel cover was placed over the coils and a refractory (kaowool) seal was used to seal the bottom. A positive gas pressure was used. The annealing cycle for the coils was approximately 168 h long with 60 h taken to heat to the annealing temperature of approximately 700°C. Coils were held at this temperature for 10 h then cooled to room temperature over a period of 98 h.
Characterisation
The steel surface was characterised using a scanning electron microscope (SEM) equipped with windowless energy dispersive spectrometer (EDS). The surface oxide particles were composed of coarser (MnFe)O and finer MnCr 2 O 4 . The (MnFe)O and MnCr 2 O 4 oxides have been identified previously by XRD 16) and TEM electron diffraction 3) respectively. As the MnCr 2 O 4 precipitates were much finer than the (MnFe)O it is believed that most of the precipitates measured from SEM backscatter electron images were (MnFe)O. SEM EDS confirmed that the particles observed by SEM are predominantly (MnFe)O as only a small Cr Ka peak is produced from the oxides. The steel samples were etched in 8 % sulphuric acid solution for 2 s. This simulates the industrial pickling operation that occurs prior to tin plating in an electrolytic tinning line and removes the (MnFe)O particles from the steel surface. Carbon extraction replicas were made of the etched steel surface and characterised using a transmission electron microscope (TEM) equipped with windowless EDS. 
Results
Coil A and Coil B were two batch annealed coils annealed in the same heat but in different stacks of the furnace.
Coil A
The Coil A sample was of blackplate steel strip taken from the seventh wrap into the coil. Figure 3 shows backscatter electron images of the surface of the Coil A samples. The surface oxide particles were composed of coarser (MnFe)O and finer MnCr 2 O 4 . The average particle size as a function of the distance from the coil edge is given in Fig. 4 . As the MnCr 2 O 4 precipitates were much smaller than the (MnFe)O it is believed that most of the precipitates measured from backscatter electron images were (MnFe)O. The average particle size for the (MnFe)O precipitates was relatively small at the very edge of the sample but then quickly increased to a maximum mean particle diameter of 950 nm in the 30 to 70 mm range from the edge. The particle size then decreased with increasing distance from the edge until they could not be resolved by SEM at a distance of about 350 mm. Figure 4 also shows the percentage of the surface covered by these precipitates versus the distance from the coil edge. A maximum surface coverage of 3.5 % was also observed in a sample at 70 mm from the coil edge. At 30-40 mm from the strip edge although the average particle size was relatively large, the surface coverage was not as high as at 70 mm from the strip edge, indicating the particles were more sparse at 30-40 mm location. Figure 5 shows grain boundary MnCr 2 O 4 spinel oxide precipitates observed by TEM. The mean spinel particle size as a function of the distance from the coil edge is given in Fig. 4 . The maximum mean particle size for the spinel precipitates was observed at the same location from the coil edge as that of the (MnFe)O precipitates.
The nitrogen concentration of the steel prior to annealing was about 25 ppm as shown in Table 1 . The nitrogen concentration of this sample after annealing varies from 20 ppm at the strip edge to 125 ppm at the middle of the strip as shown by Fig. 6 . Notably there was a small increase in the nitrogen content to about 50 ppm, for positions up to about 70 mm from the strip edge, then increased significantly to about 90 ppm, there after steadily rose to 125 ppm.
Coil B
The Coil B sample was taken from the seventh wrap into the coil. Surface oxide particles were observed at the very edge of Coil B sample, although overall the average oxide particle size was smaller than those observed in Coil A. This coil showed a maximum average particle diameter of (MnFe)O precipitates just below 700 nm in the area of 0-25 mm from the coil edge. This decreased to 400 nm in the area from about 75 mm, then maintained this value to a distance of 150 mm from the strip edge, after which no precipitates were observed by SEM (Fig. 7) . Figure 7 also shows the size of spinel precipitates versus distance from the coil edge as observed by TEM. The largest average spinel particle diameter of 350 nm was observed at the edge. The size then decreased to a distance of 150 mm from the edge, beyond which no grain boundary precipitates were observed. 
Tinplate
A sample from a batch annealed tinplated coil exhibiting the 'edge defect' was studied to compare with the blackplate observations. The average size of surface spinel precipitates was measured at various locations across half the width of the tinplated coil sample, including the 'edge defect' region (40-80 mm from coil edge in this sample) and the results shown in Fig. 8 . The largest average spinel particle area corresponds to the band where the edge defect was observed in the finished tinplate product. The largest mean spinel particle diameter was measured to be 480 nm. The nitrogen content across the width of the strip is shown in Fig. 8 . As can be seen the nitrogen content is initially very low (25 ppm) at the coil edge and comparable to the level prior to annealing (Table 1) , but there was a significant increase in the nitrogen content in the region of the 'edge defect'. Thereafter the nitrogen content in the steel stabilises at about 220 ppm as the distance from the coil edge increased.
Outer Wrap Sample
The very outer wrap of a coil was examined. In this case the full width of the strip was exposed to the annealing gas in contrast to the inner wraps of the coil where an interwrap atmosphere was generated. Samples were also taken from the next two wraps into the coil. The size of the surface MnCr 2 O 4 spinel particles was measured at three locations across the strip width. The results are presented in Fig. 9 . The very outside wrap showed a relatively large particle size which was uniform across the strip width. In the next two wraps the size of the particles had decreased at the middle of the strip.
Discussion
Nishikida et al. 18) have shown that nitrogen pickup will be affected by temperature and the dewpoint of the annealing atmosphere. Although temperature variations occur between cold and hot spots in coils during batch annealing 21) it is unlikely that there would be a significant temperature variation across the width of the steel strip observed in this investigation due to the small radical distance from the outer wraps of the coil. However if a change in temperature was present across the steel strip width, the edges would be expected to be hotter than the coil centre. 21) If this was the case the nitrogen levels at the strip edge would be expected to be higher at the steel edge as increasing temperature generally increases the degree of nitrogen pickup. 19, 22) However the nitrogen levels at the steel edge are lower than the coil centre. This suggests that the change of the nitrogen pickup across the strip was largely due to the variation of the dewpoint or oxidising potential of the annealing environment across the strip.
The nitrogen pickup observed in this investigation increased from the edge of the strip to a maximum in the middle of the strip. This result is consistent with the results reported by other authors. 17, 19) This indicates that the very edge of the strip has the highest oxidising potential and the middle of the strip has the lowest oxidising potential. The oxidising potential at the very edge is effectively that of the annealing gas. The drop of the oxidising potential towards the middle of the strip is likely to be partially due to resid- ual oxygen on the steel surface reacting with carbon in the steel to form carbon monoxide gas. The very small gap between the wraps traps this carbon monoxide and limits the penetration of the annealing gas. Consequently, the most oxidation is expected to occur at the very edge of the strip and the least oxidation to occur in the middle of the strip. Interestingly and importantly, the region where the maximum mean surface oxide particle diameter occurs, coincides with the narrow transition band where there is a rapid transition in nitrogen pickup. Furthermore at the edge of the Coil A (2 mm from the edge) there was no evidence of an iron oxide layer and surface grain boundary oxides were scarce. Selective oxidation can be either internal or external. In this investigation selective oxidation is limited to grain boundaries because the grain boundaries act as fast diffusion paths and the low alloy concentration in the steel. The smaller size of surface grain boundary precipitates observed at the edge of Coil A is considered to be caused by grain boundary oxidation being predominantly internal in nature at this location. The relative larger oxygen supply to the steel surface allows fast grain boundary diffusion of oxygen into the steel where it combines with alloying elements forming oxides below the steel surface. Away from the edge towards to the middle of the strip, the oxygen potential decreases and the surface grain boundary oxide particle size increases. At this location oxygen penetration in the steel is reduced by the lower supply of oxygen to the steel surface, allowing alloying elements to diffuse through the grain boundaries to the steel surface before they combine with oxygen forming surface oxides. These surface grain boundary oxides block the grain boundary diffusion of oxygen into the steel causing grain boundary oxidation to be predominantly external. The area having the maximum surface oxide particles in terms of volume and size is where the grain boundary selective oxidation is becoming entirely external. Between the grain boundary internal oxidation and grain boundary external oxidation zones there must be an area of mixed internal and external oxidation. This area of mixed oxidation is characterised by a smaller volume of surface particles, as shown in Fig. 3(a) , compared to the external oxidation zone (Fig. 3(b) ). Therefore the selective oxidation across the strip may be divided into four zones: internal grain boundary oxidation, mixed grain boundary oxidation, external grain boundary oxidation and oxidation free, (as shown schematically in Fig. 10 ). The internal grain boundary oxidation zone is located closest to the coil edge followed by the mixed and then the external grain boundary oxidation zone. The grain boundary oxidation free zone is located at the centre of the coil. Figure 10 also shows schematic cross section image of each zone. The size and location of these four zones will vary from coil to coil and wrap to wrap. The results for the three samples described above are discussed in terms of this proposed model in the following section.
Coil A
At the very edge (2 mm from edge) of Coil A sample the (MnFe)O precipitates were quite fine and sparse. Thus internal grain boundary oxidation was the predominant mode of oxidation with limited external grain boundary oxidation at this point. At about 70 mm from the coil edge the maximum external grain boundary oxidation occurred as the maximum surface coverage and particle size were observed. Therefore from the coil edge to 70 mm from the edge mixed grain boundary oxidation must have occurred. Particles observed in the external oxidation zone decreased in size and volume as the distance from the edge further increased. This decrease is caused by the reduction in the supply of oxygen as shown by the trend of the nitrogen pickup. This reduction in oxygen supply limits the oxide growth. At a distance of 350 mm there were no grain boundary oxides detected. Thus the grain boundary oxidation free zone occurred from 350 mm to the centre of the coil.
Coil B
In the Coil B sample, the internal grain boundary oxidation zone was not evident. The mixed grain boundary oxi-dation zone was quite narrow, if it existed at all, as the maximum particle size was observed close to the edge (2 mm from edge). The external grain boundary oxidation zone extended from 2 to 200 mm after which no surface grain boundary oxidation was observed and the oxidation free zone was reached.
Tinplate
In the tinplate sample no pure internal oxidation zone was observed. The mixed internal and external oxidation zone occurred from the edge till 60 mm from the coil edge where the maximum external oxidation occurred. The external oxidation zone extended from 60-200 mm after which no oxidation was observed and the oxidation free zone was reached.
The location and width of the grain boundary oxidation zones differ from coil to coil and even from wrap to wrap and this can be explained in terms of the location of the coil in the furnace and the tightness of coil wraps. A change in the tightness of the coil wrapping will change the gap between wraps of the coil. This will affect the penetration of the annealing gas to the centre of the coil and hence the oxygen potential. If a coil is tightly wrapped the penetration of the annealing gas will be limited. The grain boundary oxidation zones mentioned above will be translated towards the edge of the coil and the oxidation free zone will be increased. If a coil is wrapped loosely, the annealing gas will be able to penetrate across the width of the steel strip. This will lead to increased oxidation and the oxidation zones being extended towards the centre of the coil. The oxidation free zone would be limited in size or not observed in the case of loosely wrapped coils. The outer wrap of the coil illustrates the extreme case and the outer two wraps probably represent the loose wrap case. It has also been observed that the 'edge defect' band can exhibit a wavy pattern, particularly the inner boundary of the band. This formation pattern could be attributed to the influence of poor strip shape, such as edge wave, on the variation in the inter-wrap tightness.
Pure internal grain boundary oxidation zone was not observed in any of the investigated coils. This is likely due to the fact that manganese segregates to the surface of steel. This surface manganese would easily oxidise at the surface, forming surface oxides meaning pure internal oxidation of manganese would be difficult.
The location of the coil in the furnace will affect the temperature the steel reaches, with the coils at the top of a stack generally hotter than coils at the bottom. Hudson et al. 23) demonstrated that increasing the annealing temperature from 580 to 730°C greatly increased the surface enrichment of manganese. This can be explained by the increase in temperature promoting surface oxidation as the rate of diffusion of alloying elements to the surface will be increased compared to the rate of oxygen diffusion into the steel. Therefore variation in the temperature of the coil will affect the size and location of surface grain boundary oxides and the oxidation zones.
A change in the dew point or oxygen potential of the annealing gas between different annealing cycles could be caused by a variety of reasons, including a small air leak into the furnace caused by incorrect sealing of the furnace steel cover, differing quality in the supply of the annealing gas, differing annealing cycles. This change in dewpoint will affect the oxidation zones with an increase in dewpoint shifting the zones towards the centre of the coil and a decrease shifting the zones towards the coil edge. If the dewpoint is maintained at a very low level, selective grain boundary oxidation could be avoided and the whole coil width could be classified as an oxidation free zone. As such the edge defect would be avoided.
Not only does the size of the zones of oxidation change but the size of precipitates in these zones also changes from coil to coil. This may be explained by different steel compositions being more susceptible to selective oxidation. Steels with greater amounts of manganese and chromium will have more free chromium and manganese to form larger oxide precipitates. 16) There is a clear location for the maximum oxide precipitate size which suggests that there is a critical dew point or partial pressure of oxygen for the formation of these surface oxides. The largest spinel precipitates seem to form when the value for nitrogen in the steel is about 50 ppm. Nishikida et al. 18) showed the relationship between nitrogen pickup in low alloy steel and the dewpoint of the annealing environment (Fig. 11) . Using Nishikida et al. 18) results it is possible to predict the dewpoint at certain locations across the strip width. The nitrogen level of 50 ppm corresponds to a dewpoint of approximately Ϫ20°C at the annealing temperature of 700°C. At the edge of Coil A no nitrogen pickup was observed which indicates at an annealing temperature of 700°C the dewpoint at the coil edge is approximately 0°C. The dewpoint of the 4 % hydrogen 96 % nitrogen annealing gas is nominally lower than this (Ϫ40°C). However the dewpoint in annealing furnaces is known to increase with the increase in temperature that occurs during annealing due to the reaction of the residual oxygen and hydrogen at elevated temperatures and the desorption from the furnace walls. 24) Therefore the dewpoint of the annealing gas may rise during the heating of the furnace. Purging the furnace at lower temperatures (300°C) early in the annealing cycle may be a way to avoid this increase in dewpoint and hence reduce the selective oxidation of the steel and the edge defect.
As discussed the dewpoint at the coil edge is predicted to be approximately 0°C and at the maximum surface particle size to be about Ϫ20°C. The dewpoint is related to the partial pressure of oxygen. Using the relationship published by Huin et al. 25) a dewpoint of 0°C and Ϫ20°C in a 4 % © 2007 ISIJ Fig. 11 . Effect of annealing temperature and dewpoint on nitrogen pickup in cold rolled steel sheets. 18) H 2 ϩ96 % N 2 environment at 700°C corresponds to a partial pressure of oxygen of 2.84ϫ10 Ϫ23 atm and 8.11ϫ10 Ϫ25 atm respectively. This clearly demonstrates that the partial pressure of oxygen and hence the oxidising potential changes across the steel strip width in batch annealing.
Conclusion
The selective oxidation products of (MnFe)O and MnCr 2 O 4 spinel were found on the surface of industrially batched annealed low carbon steel strip, in the vicinity of the strip edge. The distribution of the oxidation products across the strip width was not uniform. The extent of the region affected by the selective oxidation products across the strip width varied between the samples examined, as well the size and surface coverage of the particles varied within the affected region. However, a clear pattern emerged to the distribution of the selective oxidation products across the strip width. The pattern that emerged was one of relatively small and sparsely spaced particles at the edge of the strip, the size then increased progressively to a maximum at about 50-100 mm from the strip edge, and then the size and coverage steadily decreased up to about 300 mm from the strip edge, whereafter no evidence of surface oxidation was detected. The nitrogen pickup pattern across the strip width was also related to the location and particle size distribution of the selective oxidation region. The largest MnCr 2 O 4 spinel precipitates were formed when the nitrogen content was about 50 ppm and the corresponding dew point is estimated to be about Ϫ20°C. The non-uniformity of the selective oxidation across the strip width can be attributed to the variation in the dewpoint or oxygen potential of the interwrap atmosphere across the strip width. The selective oxidation pattern found can be accounted for by the competing processes of internal and external grain boundary oxidation, leading to four different oxidation zones across the strip width: internal grain boundary oxidation, mixed grain boundary oxidation, external grain boundary oxidation and oxidation free. The extent of each zone would be a function of the annealing gas temperature and dewpoint, the interwrap gap across the coil width, and the manganese and chromium levels of the steel. The non-uniformity of the selective oxidation across the strip width can explain formation of the localised 'edge defect' that can be produced on batch annealed tinplate.
